The work shows the key points used in the simulation of pores formation and growth in the foam glass structure. Pore is represented as a separate radius growth center with the outer boundary of a spherical shape and with a specified value of the initial radius surrounded by a finite volume of molten glass that is a part of foam glass charge stock. Solution of three-dimensional problem is reduced to one-dimensional setting in spherical coordinates. The presented model takes into consideration kinetics of pores radius growth, taking into account the influence of glass viscosity and surface tension, as well as the effect of moving (stretching) glass cladding when pores radius increases. 1 Ивановский государственный политехнический университет, г. Иваново, РОССИЯ 2 Ивановская пожарно-спасательная академия ГПС МЧС России, г. Иваново, РОССИЯ Аннотация: В работе показаны ключевые моменты, применяемые при моделировании процесса формирования и роста пор в структуре пеностекла. Пора представляется как единичный центр роста радиуса с внешней границей сферической формы и с заданным значением начального радиуса, окруженный конечным объемом расплава стекла, входящего в состав пеностекольной шихты. Решение трехмерной задачи сведено к одномерной поста-новке в сферических координатах. Представленная модель учитывает кинетику роста радиуса пор с учетом вли-яния вязкости стекла и поверхностного натяжения, а также эффект движущейся (растягивающейся) стеклянной оболочки при увеличении радиуса поры.
INTRODUCTION
Currently, manufacturers of heat insulating materials have to adapt to the dynamically changing market conditions, since consumers start to pay interest to the materials with high structural performance and materials with good heat and sound insulation properties.
In this regard, such heat insulating material as foam glass [15] gains growing popularity. Foam glass production technology is associated with thermal treatment of raw material mixture (foam glass charge stock), which involves consumption of a significant amount of electrical power [2, 5] , due to which the finished product cost is higher than for example, in case of expanded-clay con-crete, foamed concrete, autoclaved aerated concrete, pumice stone concrete, sawdust concrete and other heat insulating materials. It is required to pay attention to scheduling thermal treatment processes in order to reduce the production cost of foam glass. Knowledge of the heating processes peculiarities, foaming and annealing of foam glass charge stock will enable to adjust the material quality, energy consumption and production areas by adjusting the thermal treatment modes and sizes of process equipment [13] . It is worth noting that one of the main factors in the foam glass technology is to obtain the material with uniformly distributed pores throughout the volume. Foam glass porous structure formation is very important, because physical and chemical properties of finished product are formed during this process [3, 6] . Currently, foam glass powder production method is the most widespread because it enables to receive the finished product with different characteristics depending on composition and ratio of raw feedstock and gas developing agent [12] . For receive foam glass with the use of powder method the mixture of crushed glass and gas developing agent is subjected to thermal treatment at the temperatures above the glass softening point and gas developing agent decomposition. During the heating the glass particles are sintered together forming the pores, which gas developing agent particles get into [16] . Thus, the pores radius growth centers are formed. External boundaries of pores radius growth centers must be increased in order to produce foam glass with low density and with large volumetric weight. Due to similar processes the thickness of formed interporous glassy partitions decreases [11] . Sintering and pores initial formation is shown schematically in Fig. 1 . Thermal decomposition of gas developing agent and increase in the gas stage content in the foam glass charge stock determines the pore-forming potential of the whole charge stock. Equilibrium state of gas phase pressure inside a pore and surface tension of molten glass on its boundaries contributes to formation of a uniform porous structure throughout the material volume. Gas developing agent activation leading to increase in gas phase pressure and as a consequence the volume inside a pore constitutes inertial potential of call growth. Gas generation depends on the bulk transfer of chemically and physically dissolved oxygen in the glass volume around the pore surface [7] , during its interaction with carbon the CO or CO2, the gas, is formed. The most developed models describing the pores growth or shrinkage in the glass melt consider only separate pore in an infinite glass melt with a spherical shape. Obvious conclusion is that simulation of pore growth in foam glass charge stock taking into consideration limitless glass melt surrounding the latter one does not provide adequate dependencies and perceptions of structural transformations in the process of foam glass charge stock thermal treatment. The works [20, 22] demonstrate that the approaches in which assumptions about infinite melt of foam glass charge stock surrounding a separate pore are adopted, can be applied to simulate the structural transformations only at the initial stages of pores radius growth with the sizes about 10 microns. However, over time, in terms of pores radius growth, the latter ones start to interact with each other, thereby forming a porous matrix (Fig. 2) . 
RESEARCH METHODS
Simulation of separate pore radius growth taking into consideration infinite melt glass volume surrounding a pore is non-rational because with this assumption the cellular structure of the target material and interaction of neighboring pores is not taken into account. Cellular structure of foam glass shows that each pore cladding is surrounded by a finite volume within the limits of its glass partitions. Pores shape in the finished foam glass is more polygonal than spherical. This deviation from spherical nature dramatically increases the mathematic simulation complexity. However, taking pores spherical shape during mathematic simulation with small volume-equal partitions, as shown in Figure 3 , instead of polygons, permissible error in this case does not exceed 5%. This ratio was determined by comparing the models with the structure in the pores form with systems of closely spaced pores [19] . Figure 3 demonstrates the model of spherical pores in foam glass where spherical pores (cells) and glass claddings around them are displayed in such a way having described a single unit cell then the rest of the cells can be similarly described. In developing the model we consider a separate spherical pore with an initial radius surrounded by a finite volume of foam glass charge stock melt. This allows to reduce the three dimensional problem to one-dimensional problem in spherical coordinates. Important aspect of pores growth simulation is the influence of pore radius increasing on the molten glass volume. Taking into consideration the spherical shape of pores, surrounded by glass cladding, the cladding thickness decreases with pore radius increasing, since constant volume of the mold for foaming is assumed. Glass particles melt, stick together with each other and form voids at the initial stage. With increasing temperature, first shrinkage of the charge stock as a result of transition from solid to molten state takes place, and then gas developing agent inside the voids starts to activate, and the internal pressure starts to increase thereby forming a pore. Shrinkage (decrease of the geometric dimensions) occurs as long as the pressure generated inside the forming pore is equal to the pressure on the surface. Growth of the produced gas concentration gradually leads to increasing in internal pressure and increasing in the pore radius. This effect is shown schematically in Fig. 4 . Analysis of the existing mathematical models describing the formation of foam glass porous structure [14, 17] has shown that it is required to develop such a model that will enable to describe the foaming process not only at the micro level (separate pore change, but at the macro level as well (size change of the total charge stock volume), since it is required to resolve the boundary value problem with moving boundaries for the ability to describe the temperature fields in foam glass charge stock, and without knowledge of the law regarding changing the geometry of the charge stock is almost impossible. Simulation of temperature fields' distribution in charge stock is one of the key issues in improving the foam glass production technology. In this work we didn't state the aim to describe influence of the law regarding pore size change on the solution of equations on heat conductivity factor in charge stock. However, we should not keep silence about the fact. Returning to the question of bubble growth simulation, it should be noted that ideally, the model should consider not only described by us below effects of glass viscosity and surface tension, but also the diffusion processes as the mass transfer of the molten glass determines the laws of the porous structure of foam glass formation.
BASIC PART
Complexity of pores formation in the foam glass during its production significantly complicates the analytical solution for such problems. Thus, it's required to simplify certain conditions or even neglect them, so let's take a number of assumptions. 1. Melt glass around a pore is taken as incompressible , while the glass density forming a part of foam glass charge stock -as constant at any point and time moment .
2. Melt viscosity of foam glass charge stock will be taken as depending only on temperature and pressure. 3. We consider a separate pore of a completely spherical shape, therefore,
. The assumption shows that cladding external boundary is the boundary between two pores of identical size, including its cladding. 4. Temperature is taken as constant for every small time interval, i.e. there is no temperature gradient in the area pore/glass cladding. 5. Spherical coordinates with the system origin of coordinates in the pore center are used (Fig. 5 ). 6. Despite the fact that external boundary of the considered pore cladding out of the glass melt is the boundary between the neighboring pores of identical size (Fig. 3) we assume that the external surface of separate pore (when r = R2) is impermeable to penetration of gaseous products that are generated as a result of thermal decomposition reaction of the gas developing agent in the neighboring pores. Figure 5 . The coordinates system used for the considered pore. 
Spherical symmetry eliminates expression for directions θ and φ. At a constant glass density for the continuity equation at the glass phase we get: ,
where r -radial coordinate in spherical coordi- 
where -pores radius growth rate .
Under the conditions that the pore has a spherical shape, the glass melt is a continuous medium that fills the space without voids and gaps, and, neglecting gravitational forces, the Navier -Stokes equation for incompressible viscous fluid is reduced to the following view [3] :
, (6) where -pressure [Pa], τrr -radial component of the stress tensor in the r-direction [Pa], τθθ, τφφ -similar components of the stress tensor in the indicated directions θ and φ. Assuming that the viscous fluid follows the Newton's law of viscous friction in its flow, τrr is obtained: ,
where μ -factor of fluid dynamic viscosity [PA·s] . In terms of equation (2) we get:
.
Similarly, the equations for τθθ and τφφ are converted to the following view:
μ .
Then by putting the values of equations (8)- (10) in equation (5), we get:
Temperature range of the foam glass froth building varies from 600 °С to 900 °С, and corresponding dynamic viscosity μ of foam glass charge stock modifies in the interval from 10 8 to 10 3 [Pa]. Duration of foaming process makes from 0.5 to 1 hour, and the pore radius varies double-order from standard 10 -5 to 10 -3 [m]. Reynolds Number: less than 10 -9 throughout the total froth building mode [8, 9] . In other words: for liquids with high viscosity two members of the left-hand side of equation (10) can be neglected since r is very small and changes very slowly. Therefore, the thermal inertia and the inertial member can be neglected. This simplifies equation (11) to the view:
. (12) Let's integrate equation (12) , between r = R1 and r = R2 (glass cladding boundaries): (13) Let's integrate the first additive component: (14) Let's integrate the second additive component by substituting equation (4): = (15) Let's integrate the third additive component by substituting equation (4): (16) Difference of equations (15) and (16) is equal to zero, so during integration of equation (12) between R1 and R2 we'll get: ,
where ж(R1) -fluid pressure at the inner radius r = R1, pж(R2) -fluid pressure at the outer radius r = R2. It should be noted that R1 and R2 are functions of time (R1 (t) and R2 (t)).
It is required to obtain the power balance in order to determine the values of various pressures, arising in the glass melt when r = R1 and r = R2, as well as surface tension effect on pores growth. In the absence of external powers on the fluid power balance can be obtained in accordance with Fig.  6 .
As it has been already noted, the pore outer boundary at r = R2 is not the real outer boundary, but is the boundary of the glass cladding of the adjacent pore. Since one pore with its cladding is considered, initial pressure is the pressure applied to the entire system (pore + glass cladding).
Figure 6. Power balance on the external and internal border of the glass cladding, arrows indicate the direction of forces.
Taking into account symmetry of the porous structure in the considered model of porous structure, the pressure acting on the glass cladding when r = R2(pressure at the external boundary of glass melt), formed during gas formation reaction at thermal decomposition of gas developing agent in the foaming stages, we'll receive the balance of powers: 
where рext. -pressure on external (outer) border of the glass melt [Pa] . Radial viscosity tension of gas phase τrr,g is very small compared to τrr,l of liquid phase and therefore it can be neglected. τrr,l is given by equation (7) therefore, by combining equations (8) and (4), we get the equation describing the stresses in the inner radius (R1) and outer radius (R2):
From power balance and equations (17), we get:
Since the total volume of pore cladding glass melt (Vж) is adopted by us as constant, R1 and R2 will be linked through the equation:
Thus:
In order to get the formula of radius R1 change it is required to calculate the change in R2 depending on R1:
Combining equations (22), (24) and (25), we get the equation for the pore growth:
where .
The Runge-Kutta fourth-order method [1] . (32) Runge-Kutta fourth-order method was used, as it provides the calculations with required accuracy and is characterized by resistance and possibility of monitoring the error and calculation step change, unlike «Euler», «Adams» and «Predic-tor-corrector methods».
Calculations results are presented in Fig. 7 . Changing the values of surface tension factor calculated by the formula [21] : 
where k -factor taking into account the heating rate, - (Fig. 7) shows that the pore radius starts to increase when the temperature reaches 900 [K] , herewith the temperature increase up to 1000 [K] leads to radius increase only by 0.0001 [m] . However, the active melting of glass particles starts at temperatures above 1000 [K], while concentration and pressure of the gas developing agent becomes sufficient for overcoming surface tension forces, and the pore radius starts to increase. When reaching temperatures of 1200 [K] the pore radius increases to the sizes 2-2.5 [mm], after which pore radius growth slows down and then stops. This fact is due to a number of reasons. First, the formed pores start to collapse, as the glass cladding does not withstand high pressures that occur inside and outside the pores due to decrease of surface tension ratio and decrease of viscosity of raw material mixture glass particles (foam glass charge stock). Second, as a result of prolonged exposure to temperatures above 1200 [K], complete thermal decomposition of the gas developing agent takes place, and its amount gradually becomes not sufficient for the new pores formation. The formed pores start to collapse, which ultimately can lead to deterioration of final thermos-physical properties of the finished material.
CONCLUSIONS
Equation (26) shows that pressure in a pore ( ) should be by 2σ greater than the pressure at the outer boundary ( ) of a pore in order to form glass cladding around the source of gas developing agent by overcoming the surface tension forces. Increase of viscosity of melt glass particles in raw material mixture slows down the pores radius growth rate. Pressure increase inside a pore depends on several factors, major of which is the mass transfer process of glass melt along a pore surface. For further refinement of the pore growth model it's required to consider not only physical parameters but also chemical reactions occurring during the gas generation on the glass cladding / pore boundary, this will enable to obtain results through analytical calculations, at mathematic simulation, as close to the real physical and chemical process as possible. Absence, at present, of mathematical relationships and physically clear concepts regarding this process inhibits the industry development as a whole, but also directly affects the material cost. Development of adequate mathematical models able to describe the dynamics of porous structure formation of foam glass, taking into account temperatures distribution in the material at all stages of thermal treatment, will allow for comprehensive approach to the technological process of foam glass production, as well as to take into account all the peculiarities of heat and mass transfer in the material.
